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1
SYSTEMS AND METHODS FOR
CONTROLLING DRIVE SIGNALS IN
SPATIAL LIGHT MODULATOR DISPLAYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Patent Provisional
Application No. 61/225,195, filed 13 Jul. 2009, hereby incor-
porated by reference in its entirety.

TECHNICAL FIELD

This invention relates to displays having a backlight and a
display modulation layer. Particular embodiments provide for
systems and methods for controlling the backlight and/or the
display modulation layer to adjust for response characteris-
tics of the backlight and/or the display modulation layer.

BACKGROUND

In a spatial light modulator display, light from a backlight
may be directed at and spatially modulated by a display
modulation layer to provide an image to the viewer. In such a
display, the backlight may have an array of light sources (e.g.
an array of light-emitting diodes (LEDs)) and the display
modulation layer may have an array of pixels (e.g. liquid
crystal display (LCD) pixels). For dual modulation displays,
the LEDs may be driven to spatially modulate the intensity of
light directed at the display modulation layer and the LCD
pixels may be driven to modulate the amount of light trans-
mitted through the pixels. Some examples of dual modulation
displays are described in: U.S. Pat. No. 6,891,672 issued 10
May 2005 and entitled “High Dynamic Range Display
Devices”, U.S. Pat. No. 7,403,332 issued 22 Jul. 2008 and
entitled “High Dynamic Range Display Devices”, and United
States Patent Application Publication No. 2008/0180466
published 31 Jul. 2008 and entitled “Rapid Image Rendering
on Dual-Modulator Displays”.

Drive values are generated based on image data, and are
output to the backlight and the display modulation layer to
control the image displayed on the display. For example,
where the light sources are LEDs and the display modulation
layer is an array of LCD pixels, LED drive values may drive
the LEDs to emit light having particular luminous intensities,
and LCD pixel drive values may drive the LCD pixels to
assume particular transmissive states.

The time it takes for an LCD pixel to switch from one
transmissive state associated with one LCD pixel drive value
to another transmissive state associated with another LCD
pixel drive value (i.e. the step response time of the LCD pixel)
is typically much greater than the time it takes for an LED to
switch between ON and OFF states, or from one luminous
intensity level associated with one LED drive value to another
luminous intensity level associated with another LED drive
value (i.e. the step response time of the LED). For example,
the step response time of an LCD pixel can be on the order of
a few milliseconds or higher, whereas the step response time
of an LED can be much shorter, for example, 10 to 100
nanoseconds. In some cases, it may take more than one frame
period for an LCD pixel to transition from a current transmis-
sive state to the desired transmissive state associated with a
particular drive level.

The response characteristics of the LEDs and/or LCD pix-
els may affect the displayed image, for example, resulting in
image blurring, flickering, halos or other visual artifacts that
may be perceived by the viewer. Some references describing
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attempts to address image display issues of types that may be
associated with the response characteristics of the backlight
and/or LCD pixels in a display are:

United States Patent Application Publication No. 2007/

0285382 published 13 Dec. 2007 (Feng);

United States Patent Application Publication No.

0103424 published 10 May 2007 (Huang);
United States Patent Application Publication No.
0042968 published 21 Feb. 2008 (Oh);
United States Patent Application Publication No.
0057900 published 15 Mar. 2007 (Huang);
United States Patent Application Publication No.
0079686 published 3 Apr. 2008 (Cemasov);
United States Patent Application Publication No.
0248553 published 10 Nov. 2005 (Feng et al.);
U.S. Pat. No. 7,173,599 issued 6 Feb. 2007 (Nishimura);
United States Patent Application Publication No. 2006/
0125771 published 15 Jun. 2006 (Inuzuka et al.);

U.S. Pat. No. 7,312,777 issued 25 Dec. 2007 (Miyata et

al.); and

United States Patent Application Publication No. 2008/

0111835 published 15 May 2008 (Hu).

There is a general desire to provide displays which provide
ahigh-quality viewing experience. There is a general desire to
provide systems and methods for ameliorating and/or over-
coming image display issues related to the response charac-
teristics of the backlight and/or display modulation layer in a
display.

2007/
2008/
2007/
2008/

2005/

SUMMARY

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
and methods which are meant to be exemplary and illustra-
tive, not limiting in scope. In various embodiments, one or
more of the above-described problems have been reduced or
eliminated, while other embodiments are directed to other
improvements.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following detailed descriptions.

BRIEF DESCRIPTION OF DRAWINGS

In drawings which illustrate non-limiting embodiments,

FIGS. 1A and 1B are graphs of the transmissivity G of an
LCD pixel as functions of time, showing the step response of
the LCD pixel;

FIG. 2 is a graph mapping LCD pixel drive values to step
response time;

FIG. 3 depicts four LEDs in a frame region which is in the
path of a moving object;

FIG. 4 is a flow chart of a method according to an example
embodiment;

FIG. 5 is a flow chart of a method according to another
example embodiment;

FIG. 6 is a flow chart of a method according to yet another
example embodiment; and

FIG. 7 schematically illustrates a system that may be used
to implement methods like those of FIGS. 4, 5 and 6.

DESCRIPTION

Throughout the following description, specific details are
set forth in order to provide a more thorough understanding to
persons skilled in the art. However, well known elements may



US 9,189,995 B2

3

not have been shown or described in detail to avoid unneces-
sarily obscuring the disclosure. Accordingly, the description
and drawings are to be regarded in an illustrative, rather than
a restrictive, sense.

As discussed above, a display having a backlight and a
display modulation layer may be subject to image display
issues relating to the different response characteristics (e.g.
step response times) of the backlight and display modulation
layer. For example, in a display having an array of LCD pixels
for the display modulation layer and an array of LEDs for the
backlight, the step response time of the LCD pixels may be far
greater than the step response time of the LEDs. Particular
embodiments of the invention provide systems and methods
for controlling a backlight and/or display modulation layer to
adjust for the response characteristics of the backlight and
display modulation layer. The embodiments described herein
may be applied to displays which have a backlight incorpo-
rating an array of LEDs (or other light sources having rela-
tively fast step response times) and a display modulation layer
incorporating an array of LCD pixels (or other pixels having
relatively slow step response times). In particular embodi-
ments, the backlight is a spatially modulated light source
layer (e.g. the LEDs may be modulated to provide a spatially
varying light pattern to the display modulation layer).

Image data is used to determine how the luminous intensity
of'the light sources of the backlight and the transmissivities of
pixels in the display modulation layer should change from
one frame to the next. In some embodiments, where the actual
change in transmissivity of a display modulation layer pixel
occurs relatively slowly, the light sources may be controlled
so that the change in the light source intensity from the
present intensity level to the next intensity level is slowed
(e.g. the light source intensity can be ramped over time).

The actual amount of time required for a display modula-
tion layer pixel to change from a first transmissivity state to a
second transmissivity state may depend upon the first and
second transmissivity states. In some embodiments, the
amount of change in the desired transmissivity of the display
modulation layer pixels is identified by a function of drive
values for the light sources and/or display modulation layer
pixels. In some embodiments, cases in which a relatively long
time may be required for a specified change in transmissivity
of a display modulation layer pixel are identified by large
changes in drive values of the light sources and/or display
modulation layer pixels.

In some embodiments, cases in which relatively slow
changes in transmissivity of display modulation layer pixels
are expected are identified based on the drive values of the
light sources (e.g. LEDs) of'the backlight, as determined from
image data.

Techniques for determining drive values for the light
sources may involve nearest neighbor interpolation or the like
and may be based on factors such as intensity or color speci-
fied by the image data. Example techniques are described in
United States Patent Application Publication No. 2008/
0180466 published 31 Jul. 2008 and entitled “Rapid Image
Rendering on Dual-Modulator Displays™. For each light
source, the drive value for a new frame of image data (i.e. new
light source drive value) is compared to the drive value cor-
responding to an old or previous frame of image data (i.e. old
light source drive value).

If the difference between the new light source drive value
and the old light source drive value exceeds a predetermined
threshold value, the light source drive signal for the new
frame of image data is adjusted and the adjusted light source
drive signal is output to the light source. In particular embodi-
ments, the light source drive signal is adjusted to ramp the
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luminous intensity of the light source. The luminous intensity
may be ramped either up or down to reach the luminous
intensity level associated with the new light source drive
value. Ramping may be determined based on the difference
between new and old light source drive values and/or the
display modulation layer response characteristics. Ramping
may occur over the time period in which it takes the display
modulation layer pixels corresponding to the light source to
reach or settle at the transmissivity states associated with the
new pixel drive values.

If the difference between the new light source drive value
and the old light source drive value does not exceed the
predetermined threshold value, the light source drive signal
for the new frame of image data may be output to the light
source without the adjustments described above.

In some embodiments, each light source provides a non-
negligible amount oflight to several display modulation layer
pixels. In such embodiments, it may not always be necessary
to change the drive levels for a display modulation layer pixel
by a large amount to achieve the desired output luminance
pattern for a displayed image. For example, for some frames
it may be sufficient to modulate only the intensity of the light
source(s) corresponding to the display modulation layer pix-
els to achieve the desired output luminance pattern. For other
frames, it may be sufficient to modulate the transmissivity of
the display modulation layer pixels by small amounts, along
with modulating the intensity of the light source(s) corre-
sponding to the display modulation layer pixels, to achieve
the desired output luminance pattern.

Cases in which the transmissivity of display modulation
layer pixels may take especially long to transition to new
values may be identified by desired output luminance values
P for the pixels. Such output luminance values may be deter-
mined from the image data. In particular embodiments, large
changes in transmissivity of a display modulation layer pixel
may be predicted by comparing the difference between the
output luminance value P and the average output luminance
value Pz 00 frame T0r the new frame or a region of the new
frame (i.e. AP,,,, 5.,,..), With the difference between the out-
put luminance value P and the average output luminance
value Pz 14 prame 101 the old frame or a region of the old
frame (i.e. AP,,; 4..,..)- Where the backlight incorporates
multiple light sources (e.g. LEDs), each frame region over
which the output luminance values P are averaged may cor-
respond to a single light source. For example, the frames may
be divided into frame regions which are at the resolution of
the LEDs. In other embodiments, the frames may be divided
into frame regions which are at a different resolution than the
LEDs (e.g. a lower resolution than the LEDs, such that each
frame region corresponds to multiple light sources). A large
change in transmissivity of a display modulation layer pixel
may be identified if the difference IAP,,... 5ume=BPoui frame
exceeds a threshold value.

In other particular embodiments, a large change in trans-
missivity of display modulation layer pixels may be identified
if the difference IAP, ., 4....~AP 17 5.m| SUmMmed over the
pixels in a particular frame region exceeds a threshold value.
If alarge change in transmissivity of display modulation layer
pixels is identified, the light source drive signal for the new
frame of image data may be adjusted as described above (e.g.
the light source intensity may be ramped over time). The
adjusted light source drive signal is output to the light sources.

In some embodiments, the difference IAP,,,, 4.~
AP,14 frame! 18 compared over a series of frames to identify the
rate of change in luminance values between frames. Such rate
of change may be used to identify motion in a frame or frame
region. For example, motion may be identified if there is a
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large increase in desired output luminance of display modu-
lation layer pixels (which triggers ramping up of the luminous
intensity of the light sources), followed by a large decrease in
desired output luminance of display modulation layer pixels
(which triggers ramping down of the luminous intensity of the
light sources). Identification of motion may trigger blanking
of the light source(s) as described in further detail below.

In some circumstances, blanking of the light source(s) for
a selected frame region may provide a better viewing experi-
ence (e.g. so as to display a sharper image of a moving object
or an image that is free ofhalos and other visual artifacts). For
example, blanking may provide a better viewing experience
for: fast moving objects; small moving objects; and/or bright
objects moving across a dark background. Blanking may
comprise turning a light source off or dimming the light
source significantly during portion(s) of a frame.

According to particular embodiments, a blanking pattern is
applied to light source drive values ifthe light source provides
a non-negligible amount of light for: a frame region in which
there is motion above a predetermined threshold amount,
and/or a frame region which is in the path of a bright object
moving against a dark background, and/or a frame region
which is in the path of a small moving object (referred to
herein as “blanking conditions”). In certain embodiments,
motion above a predetermined threshold amount may be
identified by determining the rate of change in desired output
luminance values P for the pixels as determined from image
data. The rate of change in desired output luminance values P
may be determined by comparing the values of IAP
AP 17 ramel OVer a series of frames.

The blanking pattern may be determined based on the
amount of motion, type of motion or blanking condition (e.g.
fast moving object, small moving object, or bright object)
and/or the display modulation layer response characteristics.
According to particular embodiments, the blanking pattern is
determined based on the rate of change in desired output
luminance values P. The blanking pattern may be adjusted in
accordance with display modulation layer response charac-
teristics.

The blanking pattern is applied to the light source drive
values, which may be calculated from the image data using
suitable techniques, as noted above. In some embodiments, a
separate blanking signal may be applied to the light source to
enable and disable the light source.

For light sources corresponding to frame regions in which
the amount of motion does not exceed the predetermined
threshold amount, the light source drive values may be output
without blanking to the light sources.

According to particular embodiments, ramping and/or
blanking is applied to light source drive values. The new light
source drive value may be compared to the old light source
drive value. If the difference between the new light source
drive value and the old light source drive value exceeds a
predetermined threshold value, a ramping pattern is applied
to the light source drive values for the new frame of image
data so as to ramp the luminous intensity of the light source.
The luminous intensity may be ramped either up or down over
the LCD pixel step response time to reach the luminous
intensity level associated with the new light source drive
value.

In addition to ramping patterns, a blanking pattern may be
applied to a light source drive value if one or more blanking
conditions (as described above) is satisfied for the light
source. As described above, the blanking pattern may be
determined based on the amount of motion, type of motion or
blanking condition, and/or the display modulation layer
response characteristics. The ramping pattern and blanking
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pattern are applied to the light source drive values and the
resulting drive signal is output to the light source.

FIG. 7 shows a dual modulation display system 20 accord-
ing to a particular embodiment of the invention. Display
system 20 may operate to display image data 23. Display
system 20 may be configured to perform the methods of the
invention. Display system 20 comprises a display 21. In some
embodiments, display 21 comprises a high brightness and/or
high dynamic range (HDR) display. For example, display 21
may have maximum luminance values in the range of 400 to
10,000 cd/m>. Display 21 may have a contrast ratio of 200,
000:1 or more. In the illustrated embodiment, display 21
comprises a dual modulation display having a light source
modulation layer 21A and a display modulation layer 21B.

System 20 also comprises a processor 22, which may com-
prise one or more central processing units (CPU), one or more
microprocessors, one or more field-programmable gate
arrays (FPGA), application-specific integrated circuits
(ASIC), logic circuits combinations thereof or any other suit-
able processing unit(s) comprising hardware and/or software
capable of functioning as described herein. Processor 22 pro-
cesses image data 23 to generate light source modulator con-
trol values 25A to drive the light source modulation layer
21A, and display modulator control values 25B to drive the
display modulation layer 21B. In particular embodiments,
light source modulation layer 21A comprises a matrix of
LEDs. In such embodiments, control values 25A provided to
light source modulation layer 21 A may comprise digital LED
drive values which may be converted to analog LED drive
values (e.g. drive currents) or pulse width modulation (PWM)
signals or the like. In some embodiments, display modulation
layer 21B comprises an array of LCD pixels. In such embodi-
ments, control values 25B provided to display modulation
layer 21B may comprise corresponding LCD pixel drive val-
ues, which may be converted to analog LCD drive values.

Processor 22 may implement methods according to
embodiments of the invention by executing software instruc-
tions provided by software functions 28. In the illustrated
embodiment, software functions 28 are stored in a program
memory 27, but this is not necessary. Software functions 28
may be stored in other suitable memory locations within or
accessible to processor 22. In some embodiments, all or por-
tions of software functions 28 may alternatively be imple-
mented by suitably-configured hardware.

In the illustrated embodiment, processor 22 has access to
display modulation layer response data or LCD response
transfer model 31 which, as shown in the illustrated embodi-
ment, may be stored in a suitable data store. Display modu-
lation layer response data 31 may comprise information such
as the step response time of the LCD pixels of display modu-
lation layer 21B (e.g. step response times associated with
particular LCD pixel drive value changes, as shown in FIG. 2
and described in further detail below).

In the illustrated embodiment, processor 22 has access to
ramping data 34 and blanking data 35, which may be stored in
suitable data store(s). Ramping data 34 may incorporate
information about how to ramp an LED (or other light source)
from one particular LED drive value to another particular
LED drive value (e.g. time period over which the LED is
ramped). Blanking data 35 may incorporate information
about how to control blanking of the LED drive signal (e.g.
rate of blanking, duration of blanking, etc.) for a particular
type or amount of motion, or blanking condition, detected in
a frame region. In some embodiments, ramping data 34 and
blanking data 35 (stored in suitable data store(s)) may be
directly provided with system 20. In other embodiments,
processor 22 may access display modulation layer response
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data 31 and use such data to generate ramping data 34 and
blanking data 35. In some embodiments, processor 22 may
generate ramping data 34 and blanking data 35 using transfer
functions implemented by suitable hardware and/or software.

In the illustrated embodiment, processor 22 also has access
to information about previous drive levels 32 (e.g. previous
control values 25A and/or previous control values 25B)
which may be stored in a suitable data store. As explained in
more detail below, previous drive levels 32, ramping data 34,
blanking data 35 and/or display modulation layer response
data 31 may be used by processor 22 to determine and adjust
control values 25A and/or control values 25B for new frames
of image data 23.

In some embodiments, display modulation layer response
data 31, ramping data 34 and blanking data 35 may be pro-
vided in the form of look-up table(s) (LUT(s)). A suitable key
may be used to access data from the LUTs. For example, the
difference between the new light source drive value and the
old light source drive may be used as a key for accessing data
from an LUT containing ramping data 34. The amount of
motion (e.g. speed of a moving object as represented by a
motion vector) in a frame region may be used as a key for
accessing data from an LUT containing blanking data 35.

In other embodiments, ramping data 34 and blanking data
35 may be determined by transfer functions implemented by
hardware and/or software. Previous drive levels 32 (e.g. pre-
vious control values 25A and/or previous control values 25B)
and control values 25A and/or control values 25B for a new
frame of image data 23 may be used as inputs to the transfer
functions. Ramping data 34 and/or blanking data 35 are out-
puts of the transfer functions.

The step response time of an LCD pixel, along with other
considerations, may be used to determine display modulation
layer response data 31, ramping data 34 and/or blanking data
35. FIGS. 1A and 1B show the transmissivity G of an exem-
plary LCD pixel as functions 30A, 30B of time t. In FIG. 1A,
the LCD pixel starts in a first transmissive state G, associated
with a first drive value. At time t;, a second drive value
corresponding to a second transmissive state G, is applied to
the LCD pixel causing the LCD pixel to transition to the
second transmissive state G, over a time period At (i.e. the
step response time). The LCD pixel reaches the second trans-
missive state G, at time t,.

In FIG. 1B, the LCD pixel starts in the second transmissive
state GG, associated with the second drive value. At time t;, a
third drive value corresponding to a third transmissive state
G; is applied to the LCD pixel causing the LCD pixel to
transition to the third transmissive state G over a time period
At' (i.e. the step response time). The LCD pixel reaches the
third transmissive state G5 at time t,.

Time period At' (FIG. 1B) may differ from time period At
(FIG. 1A). The step response time between LCD pixel drive
values may vary according to one or more of: the amount of
change in LCD pixel drive values (i.e. the size of the step
between LCD pixel transmissive states), the direction of
change (i.e. whether the LCD pixel is being driven toward a
higher or a lower transmissive state), the initial transmissive
state, display-specific LCD response characteristics, and
other considerations. Methods as described herein may moni-
tor one or more of these factors. In some embodiments it is
sufficient to monitor the amount of change between pixel
drive values.

FIG. 2 illustrates the relationship between LCD pixel step
response time and the amount of change in drive levels. FI1G.
2 shows a curve 40 mapping L.CD pixel drive values (mea-
sured in Volts) to the LCD pixel step response time (measured
in milliseconds) for a representative display modulation
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layer. The step response time in FIG. 2 represents the amount
of time that it takes for an LCD pixel to transition from a
transmissivity state associated with a drive value of zero to a
transmissivity state associated with an LCD pixel drive value
on the FIG. 2 “Drive Level” axis. As seen in FIG. 2, the step
response time generally increases as the LCD pixel drive
value increases.

FIG. 4 illustrates a method 100 for processing control
values 25A for light source modulation layer 21A according
to a particular embodiment. The method illustrated in FIG. 4
may be implemented by display system 20 for display on dual
modulation display 21 (FIG. 7). Such method may be imple-
mented by other suitable image processing hardware and/or
software. Method 100 represents a method for processing a
control value 25A for a light source (e.g. LED) of a light
source modulation layer 21A for a new frame of image data
23. Method 100 may be performed for each LED of light
source modulation layer 21 A to determine control values 25A
for all LEDs of light source modulation layer 21 A for the new
frame of image data 23. Method 100 may be repeated for
multiple frames of image data 23 to determine control values
25A for light source modulation layer 21A. Control values
25A for an LED may be updated multiple times per frame of
image data 23 in accordance with the adjusted LED drive
signal (e.g. so as to ramp the luminous intensity of the LED)
as explained in more detail below.

Method 100 begins by comparing the LED drive value
corresponding to the new frame of image data 23 (i.e. new
LED drive value, at block 103) with the LED drive value
corresponding to the old or previous frame of image data 23
(i.e. old LED drive value, at block 102). The new LED drive
value at block 103 may be determined from the new frame of
image data 23. The old LED drive value at block 102 may be
obtained by accessing the data store containing previous drive
levels 32 (FIG. 7). After method 100 has been completed for
a particular frame update, the new, adjusted LED drive value
determined at the end of the frame update may be stored in the
data store containing previous drive levels 32 for future use as
an “old” LED drive value (e.g. for processing control values
25A for the next frame of image data 23).

If the difference between the new LED drive value and the
old LED drive value exceeds a threshold value at block 104,
the LED drive signal for the new frame is adjusted at block
105. The adjusted LED drive signal is output to the LED at
block 106. The threshold value considered at block 104 may
be set taking into account display modulation layer response
data 31 such as LCD pixel step response times. Generally, the
LCD step response time increases as the difference between
new and old LCD pixel drive values increases (see FIG. 2, for
example). A large difference between new and old LED drive
levels may identify a large difference between new and old
LCD pixel drive values. The threshold value may be program-
mable.

In particular embodiments, the LED drive signal is
adjusted at block 105 to ramp the LED luminous intensity.
The LED drive signal may be adjusted to ramp the luminous
intensity upwardly or downwardly over the LCD pixel step
response time to the luminous intensity level associated with
the new LED drive value. The luminous intensity of the LED
over the ramping period may be controlled to change at a rate
which corresponds at least roughly to the expected rate of
change in transmissivity of the LCD pixel (e.g. see FIG. 1A,
1B).

In some embodiments, the difference between the new
LED drive value and the old LED drive value is clamped to a
maximum value (i.e. the new LED drive value is clamped
such that the LED drive value is only permitted to change by
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the maximum value from one frame to the next). The LED
drive signal may be adjusted to ramp the luminous intensity
from the level associated with the old LED drive value to the
level associated with the new, clamped LED drive value.

According to particular embodiments, ramping pattern 108
may be based on the difference between the new LED drive
value and the old LED drive value. A large difference between
the new LED drive value and the old LED drive value may
identify a large step or change in LCD pixel drive values. The
LCD pixel step response time tends to increase as the change
in LCD pixel drive values increases (see FIG. 2, for example).
Accordingly, the difference between the new LED drive value
and the old LED drive value may be used to determine the
time period over which ramping is to occur. The time period
may be incorporated in a ramping pattern 108 which is
applied to adjust the LED drive signal at block 105 of method
100.

Adjustment of the LED drive signal at block 105 of method
100 (so as to ramp the LED luminous intensity over the LCD
pixel step response time, for example) may be performed by
processor 22 implementing a suitable software function 28A
(FIG. 7). Function 28A may cause processor 22 to access
previous drive levels 32, ramping data 34 and/or display
modulation layer response data 31 to determine ramping pat-
tern 108 to be applied to the LED drive values.

Ramping of LED luminous intensity may be implemented
by any suitable technique. For example, ramping may be
accomplished by one of the following techniques or a com-
bination thereof:

PWM (e.g. by varying the PWM duty cycle of the LED

drive signal);

amplitude modulation (e.g. by varying the current applied

to drive the LED);

alternating current (AC) drive phase angle modulation (e.g.

by driving the LEDs with a full wave rectified AC form);
pulse density modulation (PDM);

and the like.

Ifthe difference between the new LED drive value and the
old LED drive value does not exceed the predetermined
threshold value, it may not be necessary to adjust the LED
drive signal for LCD response characteristics. In the illus-
trated embodiment, if the difference between the new LED
drive value and the old LED drive value does not exceed the
predetermined threshold value, the new LED drive value is
output to the light source at block 107 of method 100 without
the adjustments (e.g. ramping) described above.

According to some embodiments, rather than or in addition
to comparing a difference between new and old drive values
for a single LED at block 104, the cumulative difference
between new and old drive values for a plurality of adjacent
LEDs within a frame region may be compared to a predeter-
mined threshold value at block 104. This may enhance pro-
cessing of LED drive signals for scenarios such as those
shown in FIG. 3. FIG. 3 shows four adjacent LEDs 42A, 42B,
42C and 42D (collectively, LEDs 42) providing light for a
frame region 41. Each LED 42 contributes a non-negligible
amount of light to a central area 44 between the four LEDs 42.
An object is shown moving in a path 43 across frame region
41. The object is represented in stippled lines at different
positions P, P, and P; as it moves along path 43. At position
P,, the object is proximate to LED 42A. For frames in which
the object is moving to and away from position P, along path
43, the difference between new and old drive values for LED
42A is large, and may exceed the predetermined threshold
value thereby triggering ramping of the LED drive signal for
LED 42A. Similarly, for frames in which the object is moving
to and away from position P; (at which the object is proximate

10

15

20

25

30

35

40

45

50

55

60

10

to LED 42C), the difference between new and old drive values
for LED 42C is large, and may exceed the predetermined
threshold value thereby triggering ramping of the LED drive
signal for LED 42C.

At position P2 (between positions P1 and P3), the object is
crossing central area 44. Because central area 44 has non-
negligible light contributions from all four LEDs 42, the
difference between new and old drive values for each of the
LEDs 42 for frames in which the object is moving across
central area 44 may individually be small enough to be below
the threshold value used to evaluate the difference between
new and old drive values for individual LEDs. However,
cumulatively, the difference between new and old drive val-
ues for LEDs 42 during such frames may be large enough that
ramping of the LED signals may be desired. According to
particular embodiments, the difference between new and old
drive values for each of the four LEDs 42 is combined (e.g. by
summing) and the result is compared to a threshold value
(which may not be the same as the threshold value for com-
paring new and old drive values for individual LEDs). If such
combined change exceeds the threshold value, a ramping
pattern 108 is determined for each of the four LEDs 42 and
applied to the LED drive signals.

According to some other embodiments, ramping of LED
luminous intensity may be determined based on an “interme-
diate” downsampling of the desired output luminance values
P for the pixels. The desired output luminance values P for the
pixels (as obtained from image data) which is at the resolution
of'the LCD pixels, are downsampled to an intermediate reso-
Iution that is less than the LCD pixel resolution and greater
than the physical LED resolution. For example, the desired
output luminance values P may be downsampled to a resolu-
tion which is four times greater than the physical LED reso-
Iution (e.g. each LED corresponds to four downsampled data
samples of the output luminance values P). The downsampled
data is then evaluated to determine whether ramping of LED
luminous intensity should occur. The difference between new
and old values for each of the downsampled data samples
could be compared, for example, to a threshold value. Down-
sampling of the data enables a finer detection of motion or
changes in brightness within an area defined by an LED
region. If it is determined on the basis of the downsampled
data that ramping of LED luminous intensity should occur,
the ramping pattern may be based on the changes in, or
difference between new and old values of the downsampled
data. The intermediate downsampled data may be further
downsampled to match the physical LED resolution, to deter-
mine LED drive values. The ramping pattern is applied to the
LED drive values.

FIG. 5 shows a method 200 according to another embodi-
ment for processing control values 25A for light sources (e.g.
LEDs) of a light source modulation layer 21A. The method
illustrated in FIG. 5 may be implemented by display system
20 for display on dual modulation display 21 (FIG. 7). Such
method may be implemented by other suitable image pro-
cessing hardware and/or software. The steps illustrated in
method 200 may be applied for a series of frames of image
data 23 to determine control values 25A for light source
modulation layer 21A.

Method 200 begins at block 212 by receiving image data
corresponding to a series of frames. Motion in one or more
frame regions is detected at block 214. Motion detection at
block 214 may assess whether one or more of the following
blanking conditions is satisfied for an LED of light source
modulation layer 21A:

The LED provides a non-negligible amount of light for a

frame region in which there is motion above a predeter-
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mined threshold amount. Image data may incorporate
motion information. For example, MPEG compressed
data incorporates motion vectors. In some embodi-
ments, motion information from the image data may be
used to determine and quantify motion. In other embodi-
ments, motion may be detected based on some other
characteristic of the image data (e.g. rate of change in
desired output luminance values P over a series of
frames), or by monitoring the amount of change in LED
drive values or LCD pixel drive values in a frame region
over the series of frames.

The LED provides a non-negligible amount of light for a
frame region which is in the path of a bright object
moving against a dark background.

The LED provides a non-negligible amount of light for a
frame region which is in the path of a small moving
object (e.g. a small object relative to the point spread
function of the light source).

Motion detection at block 214 may be performed by pro-
cessor 22 implementing a suitable software function 28B
(FIG. 7). For example, in embodiments where motion infor-
mation incorporated in image data is used to detect motion,
function 28B may cause processor 22 to evaluate motion
vectors in image data 23 to determine motion. For example,
where image data is provided in an MPEG format, MPEG
motion vectors may be evaluated to identify LEDs or other
light sources for which blanking may be desirable.

Flanking may be determined for frame regions on an LED
by LED basis. The motion detected atblock 214 is assessed to
determine whether blanking should be applied to the LED.
Generally, blanking may be applied to LEDs in the advance
and trailing areas of a moving object. The blanking determi-
nation may take into account the fact that multiple LEDs may
contribute a non-negligible amount of light to a frame region
in which motion is detected.

For example, in the illustrated embodiment, the blanking
determination may be carried out by quantifying the motion
detected and comparing the amount of motion to a threshold
amount at block 215. In particular embodiments, motion may
be quantified by considering the speed of a moving object as
represented by a motion vector in the image data. In other
embodiments, motion may be quantified by considering the
rate of change in desired output luminance values P for the
pixels as determined from image data. For example, the rate
of change in desired output luminance values P may be deter-
mined by considering IAP =AP 14 sramel, as described
above.

If the amount of motion in the frame region exceeds the
threshold amount, a blanking pattern for the frame region is
determined at block 216 based on the amount of motion, type
of'motion, and/or the display modulation layer response char-
acteristics. The block 216 blanking pattern may have a
“blank™ or “oft” signal alternating with “on” or activation
signals. The block 216 blanking pattern may cause the frame
region to be blanked for portion(s) of a frame period. The
block 216 blanking pattern may cause multiple “blank” sig-
nals alternating with “on” signals to be output to an LED
during a frame period. A blanking pattern may be character-
ized by the number of “blank” signals inserted within a frame
period (i.e. blanking rate), duration of each “blank™ signal,
and/or duration between the start of successive “blank™ sig-
nals. The blanking of LEDs is preferably not detectable by the
human viewer (e.g. the blanking rate is sufficiently high,
and/or insertion of blank signals within a frame period may be
randomized). According to particular embodiments, the
blanking pattern is determined based on the rate of change in
desired output luminance values P. For example, the blanking
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rate may be proportional to the rate of change in desired
output luminance values P (i.e. a higher rate of change may be
associated with a higher blanking rate). The blanking pattern
may be adjusted in accordance with display modulation layer
response characteristics. For example, the blanking rate may
be increased for slower transitions (e.g. when there is a large
change in pixel drive values), and decreased or disabled for
faster transitions (e.g. when there is a small change in pixel
drive values).

In particular embodiments, blanking may be accomplished
by dimming the LEDs rather than by turning off the LEDs. In
other embodiments, blanking may be accomplished by a
combination of dimming the LEDs and turning off the LEDs.

Determination of the block 216 blanking pattern may be
performed by processor 22 implementing a suitable software
function 28C (FIG. 7). Function 28C may cause processor 22
to access image data 23, blanking data 35 and/or display
modulation layer response data 31 to determine the blanking
pattern to be applied to the light source drive values.

The block 216 blanking pattern is applied at block 217 to
the LED drive values, which may be calculated from the
image data using suitable techniques. The resulting blanked
LED drive signal is output to the LED at block 218.

Blanking may be determined on a frame by frame basis. A
different block 216 blanking pattern may be established for
each frame, depending on the rate of change in output lumi-
nance values (as determined by comparing new and previous
desired output luminance values P, for example) or the motion
vectors contained in the image data. Where a comparison
between new and previous desired output luminance values P
is used to determine the blanking pattern, the new desired
output luminance value at the end of a frame update may be
stored in memory for later use as “previous” desired output
luminance values in processing the next frame of image data.

In the illustrated embodiment, if the amount of motion
detected in the frame region(s) does not exceed the predeter-
mined threshold amount at block 215, the LED drive values
are output, without blanking, to the LED at block 218.

FIG. 6 illustrates a method 300 for processing control
values 25A for light source modulation layer 21A according
to yet another embodiment. The method illustrated in FIG. 6
may be implemented by display system 20 for display on dual
modulation display 21 (FIG. 7). Such method may be imple-
mented by other suitable image processing hardware and/or
software. Method 300 is similar in some respects to methods
100 and 200. Aspects of method 300 that are the same or
similar to aspects of methods 100 or 200 are ascribed similar
reference numerals, except that in method 300, the reference
numerals are prefixed with a “3” instead of a “1” or “2”.
Method 300 represents a method for processing a control
value 25A for a light source (e.g. LED) of a light source
modulation layer 21A for a new frame of image data 23.
Method 300 may be performed on each LED of light source
modulation layer 21 A to determine control values 25A for all
LEDs of light source modulation layer 21A for the new frame
of image data 23. Method 300 may be repeated for multiple
frames of image data 23 to determine control values 25A for
light source modulation layer 21A. Control values 25A may
be updated multiple times per frame of image data 23 in
accordance with the adjusted LED drive signal (e.g. so as to
ramp the luminous intensity of the LED).

Method 300 begins by receiving a new frame of image data
312. A new LED drive value at block 303 may be determined
from the new frame of image data 312. An old LED drive
value at block 302 may be obtained by accessing the data
store containing previous drive levels 32 (FIG. 7). At block
304, a difference between the new LED drive value 303 and
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the old LED drive value 302 is compared to a predetermined
threshold value. If the difference between the new LED drive
value 303 and the old LED drive value 302 exceeds the
predetermined threshold value, a ramping pattern is deter-
mined at block 322 to ramp the LED luminous intensity. The
luminous intensity may be ramped either up or down to reach
the luminous intensity level associated with the new LED
drive value.

Determination of the block 322 ramping pattern of method
300 may be performed by processor 22 implementing a suit-
able software function 28 A (FIG. 7). Function 28A may cause
processor 22 to access previous drive levels 32, ramping data
34 and/or display modulation layer response data 31 to deter-
mine ramping pattern 322 to be applied to the LED drive
value.

Ifthe difference between the new LED drive value and the
old LED drive value does not exceed the predetermined
threshold value, the LED drive signal may not require adjust-
ment for LCD response characteristics. In the illustrated
embodiment, the LED drive signal for the new frame ofimage
data is not ramped if the difference between the new LED
drive value and the old LED drive value does not exceed the
predetermined threshold value.

Method 300 incorporates blanking which may be carried
out in parallel with the above-described ramping determina-
tion. Ifblanking is enabled at block 313, method 300 proceeds
to block 314 by detecting motion in one or more frame
regions. Detection of motion at block 314 may be performed
by processor 22 implementing a suitable software function
28B (FIG. 7). Function 28B may cause processor 22 to pro-
cess image data 23 to detect and quantify the motion in one or
more frame regions.

Method 300 proceeds to block 315 where it is determined
whether the LED provides a non-negligible amount of light
for one or more frame regions in which there is motion above
a threshold amount. If so, a blanking pattern is determined at
block 316. The block 316 blanking pattern may be based on
the amount of motion, type of motion and/or the display
modulation layer response characteristics such as the LCD
pixel step response times. Determination of the block 316
blanking pattern may be performed by processor 22 imple-
menting a suitable software function 28C (FIG. 7). Function
28C may cause processor 22 to access image data 23, blank-
ing data 35 and/or display modulation layer response data 31
to determine the blanking pattern to be applied to the new
LED drive value at block 317.

According to some embodiments, different types of motion
or blanking conditions may be detected at block 314 and
assessed at block 315. Such motion or blanking conditions
may be similar to those described above for block 214 in FIG.
2.

In the illustrated embodiment of FIG. 6, if it is determined
at block 315 that the LED does not provide a non-negligible
amount of light for a frame region in which there is motion
above a predetermined threshold amount, the LED is not
blanked.

The block 322 ramping pattern (if applicable) and block
316 blanking pattern (if applicable) are applied to the LED
drive signal. The ramped and/or blanked drive signal is output
to the LED at block 320. In particular embodiments, two
parallel control paths may be provided for each LED (i.e. one
control path for each of the ramping and blanking).

Blanking may be disabled by the user or if certain condi-
tions are met. According to particular embodiments, blanking
is disabled at block 313 if the difference between the new
LED drive value at block 303 and the old LED drive value at
block 302 does not exceed the predetermined threshold value
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(i.e. if a block 322 ramping pattern is not determined and
applied to the LED drive signal). Therefore, according to such
specific embodiments, blanking of the LED only occurs if the
luminous intensity of the LED is ramped.

As seen in FIG. 7, display system 20 may be configured to
perform a method according to the invention. In the illustrated
embodiment, processor 22 calls software functions 28, such
as function 28 A to determine a ramping pattern to be applied
to light source drive values, function 28B to detect motion in
one or more frame regions, and function 28C to determine a
blanking pattern to be applied to light source drive values.

In some embodiments, processor 22 may call software
function 28D to generate data entries to populate an LUT
containing ramping data 34. Processor 22 may also call soft-
ware function 28E to generate data entries to populatean LUT
containing blanking data 35. Ramping data 34 and blanking
data 35 may be generated based on display modulation layer
response data 31.

In other embodiments, an LUT containing ramping data 34
or blanking data 35 may be pre-populated with data, so that it
is not necessary for processor 22 to generate such data. In still
other embodiments, ramping data 34 or blanking data 35 may
be determined by transfer functions implemented by hard-
ware and/or software. Previous drive levels 32 (e.g. previous
control values 25A and/or previous control values 25B) and
control values 25A and/or control values 25B for a new frame
of image data 23 may be used as inputs to the transfer func-
tions.

In some embodiments, functions 28 may be implemented
as software contained in a program memory 27 accessible to
processor 22. Processor 22 may implement the methods of
FIG. 4, 5 or 6 by executing software instructions provided by
the software contained in program memory 27. In other
embodiments, one or more of functions 28 or portions of
functions 28 may be performed by suitably configured data
processing hardware.

Aspects of the invention may also be provided in the form
of a program product. The program product may comprise
any medium which carries a set of computer-readable infor-
mation comprising instructions which, when executed by a
data processor, cause the data processor to execute a method
of'the invention. Program products according to the invention
may be in any of a wide variety of forms. The program
product may comprise, for example, physical media such as
magnetic data storage media including floppy diskettes, hard
disk drives, optical data storage media including CD ROMs,
DVDs, electronic data storage media including ROMs, flash
RAM, or the like. The computer-readable information on the
program product may optionally be compressed or encrypted.

Where a component (e.g. a device, processor, light source
modulation layer, display modulation layer, light source,
LED, LCD pixel, etc.) is referred to above, unless otherwise
indicated, reference to that component (including a reference
to a “means”) should be interpreted as including as equiva-
lents of that component any component which performs the
function of the described component (i.e., that is functionally
equivalent), including components which are not structurally
equivalent to the disclosed structure which performs the func-
tion in the illustrated exemplary embodiments of the inven-
tion.

As will be apparent to those skilled in the art in light of the
foregoing disclosure, many alterations and modifications are
possible in the practice of this invention without departing
from the spirit or scope thereof. For example:

The systems and methods described herein may be applied

to process control values for a spatial light modulator
display having a backlight comprised of an array of light
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sources (e.g. LEDs) and a display modulation layer
comprised of an array of LCD pixels. The systems and
methods described herein may generally be applied to
any types of displays (e.g. TVs, cinematic screens, com-
puter monitors, etc.) in which the response characteris-
tics of the display modulation layer differ from those of
the backlight.

Some of the systems and methods described herein com-
pare new light source drive values with old light source
drive values to determine whether the light source drive
signal should be adjusted for the LCD pixel response
characteristics. In other embodiments, instead of com-
paring light source drive values, new LCD pixel drive
values may be compared with old LCD pixel drive val-
ues to determine whether the light source drive signal
should be adjusted for the LCD pixel response charac-
teristics.

In the embodiments described herein which incorporate
blanking of light sources over one or more frame
regions, the luminous intensity of the light sources may
optionally be scaled upwards to compensate for the
overall reduction in brightness of the frame region
caused by blanking, and/or to adjust for the step
response time of the LCD pixels (e.g. LCD pixels rep-
resenting a bright object which is quickly moving across
a dark background may not yet have had time to transi-
tion to their final transmissive states).

Many embodiments and variations are described above.
Those skilled in the art will appreciate that various
aspects of any of the above-described embodiments
may be incorporated into any of the other ones of the
above-described embodiments by suitable modifica-
tion.

While a number of exemplary aspects and embodiments
have been discussed above, those of skill in the art will rec-
ognize certain modifications, permutations, additions and
sub-combinations thereof. It is therefore intended that the
following appended claims and claims hereafter introduced
are interpreted to include all such modifications, permuta-
tions, additions and sub-combinations as are within their true
spirit and scope.

What is claimed is:

1. A method for processing control values for a backlight
and drive signals for a display modulation layer, the backlight
having an array of light sources, the method comprising, for
each light source:

receiving image data for a new frame;

determining a new control value for the backlight based at
least in part on the new frame of image data;

determining a difference between the new control value for
the backlight and an old control value for the backlight
for an old frame of image data;

generating an intermediate control signal for the backlight
based at least in part on the difference in control values
and a desired ramping pattern, if the difference between
the old control value and the new control value is greater
than a threshold;

generating a blanking pattern for the backlight, the blank-
ing pattern based in part on the identification of motion
over a set of image frames; and

outputting a final control signal to the backlight based on
the intermediate control signal and the blanking pattern.

2. A method according to claim 1, wherein generating an
intermediate control signal comprises:

determining a ramping pattern;

determining a time period associated with the difference in
control values; and
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applying the ramping pattern to the new control value over
the time period.

3. A method according to claim 2, wherein the intermediate
control signal drives the light source so as to cause a luminous
intensity of the light source to change at a rate corresponding
to arate of change in transmissivity of the display modulation
layer.

4. A method according to claim 3, wherein the intermediate
control signal is generated only if the difference in control
values is greater than a predetermined threshold value.

5. A method according to claim 4, wherein outputting a
final control signal comprises:

detecting motion between the new frame of image data and
the old frame of image data;

determining one or more frame regions in which the
detected motion exceeds a predetermined threshold
amount;

determining whether the light source provides a non-neg-
ligible amount of light for the one or more frame regions;

if the light source provides the non-negligible amount of
light for the one or more frame regions, determining a
blanking pattern based at least in part on the detected
motion; and

applying the blanking pattern to the intermediate control
value.

6. A method according to claim 5, wherein the blanking
pattern incorporates one or more blank signals over a frame
period.

7. A method according to claim 6, wherein detecting
motion is based at least in part on a rate of change in lumi-
nance values determined from a difference between desired
output luminance values P for the new frame of image data
and desired output luminance values P for the old frame of
image data.

8. A method according to claim 7, wherein a number of the
one or more blank signals over the frame period is propor-
tional to the rate of change in luminance values.

9. A method according to claim 6, wherein detecting
motion is based at least in part on motion vectors incorporated
in the new frame of image data and the old frame of image
data.

10. A method according to claim 6, wherein the light source
comprises an LED and the display modulation layer com-
prises an array of LCD pixels.

11. A display system comprising:

a display having a light source modulation layer and a

display modulation layer;

a first data store for storing data for display modulation
layer response characteristics;

a second data store for storing light source modulation
layer control values for previous frames of image data;
and

a processor connected to receive image data from an image
data source, receive data from the first and second data
stores, and transmit driving control values to the light
source modulation layer, the processor configured to
perform the method of claim 1.

12. A computer readable non-transitory storage media
incorporating instructions which when executed by a suitable
configured processor cause the processor to perform a
method for processing control values for a backlight and drive
signals for a display modulation layer, the backlight having an
array of light sources, the method comprising, for each light
source:

receiving image data for a new frame;

determining a new control value based at least in part on the
new frame of image data;
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generating an intermediate control signal for the backlight
based at least in part on the difference in control values
and a desired ramping pattern, if the difference between
an old control value and the new control value is greater
than a threshold;

generating a blanking pattern for the backlight, the blank-

ing pattern based in part on the identification of motion
over a set of image frames; and

outputting a final control signal to the backlight based on

the intermediate control signal and the blanking pattern.

13. A computer readable non-transitory storage media
according to claim 12, wherein the method comprises, for
each light source:

determining a ramping pattern;

determining a time period associated with the difference in

control values; and

applying the ramping pattern to the new control value over

the time period.

14. A computer readable non-transitory storage media
according to claim 13, wherein the intermediate control sig-
nal drives the light source so as to cause a luminous intensity
of'the light source to change at a rate corresponding to a rate
of change in transmissivity of the display modulation layer.

15. A computer readable non-transitory storage media
according to claim 14, wherein the intermediate control sig-
nal is generated only if the difference in control values is
greater than a predetermined threshold value.

16. A computer readable non-transitory storage media
according to claim 15, wherein outputting a final control
signal comprises:
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detecting motion between the new frame of image data and

the old frame of image data;

determining one or more frame regions in which the

detected motion exceeds a predetermined threshold
amount;
determining whether the light source provides a non-neg-
ligible amount of light for the one or more frame regions;

if the light source provides the non-negligible amount of
light for the one or more frame regions, determining a
blanking pattern based at least in part on the detected
motion; and

applying the blanking pattern to the new control value.

17. A computer readable non-transitory storage media
according to claim 16, wherein the blanking pattern incorpo-
rates one or more blank signals over a frame period.

18. A computer readable non-transitory storage media
according to claim 17, wherein detecting motion is based at
least in part on a rate of change in luminance values deter-
mined from a difference between desired output luminance
values P for the new frame of image data and desired output
luminance values P for the old frame of image data.

19. A computer readable non-transitory storage media
according to claim 18, wherein a number of the one or more
blank signals over the frame period is proportional to the rate
of change in luminance values.

20. A computer readable non-transitory storage media
according to claim 17, wherein detecting motion is based at
least in part on motion vectors incorporated in the new frame
of image data and the old frame of image data.
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